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Available online 27 March 2014WRKY proteins aremembers of a family of transcription factors in higher plants that function
in plant responses to various physiological processes. We identified 120 candidate WRKY
genes from Gossypium raimondiiwith corresponding expressed sequence tags in at least one of
four cotton species, Gossypium hirsutum, Gossypium barbadense, Gossypium arboreum, and G.
raimondii. These WRKY members were anchored on 13 chromosomes in G. raimondii with
uneven distribution. Phylogenetic analysis showed that WRKY candidate genes can be
classified into three groups, with 20members in group I, 88 in group II, and 12 in group III. The
88 genes in group II were further classified into five subgroups, groups IIa–e, containing 7, 16,
37, 15, and 13members, respectively.We characterized diversity in amino acid residues in the
WRKY domain and/or other zinc finger motif regions in the WRKY proteins. The expression
patterns of WRKY genes revealed their important roles in diverse functions in cotton
developmental stages of vegetative and reproductive growth and stress response. Structural
and expression analyses show that WRKY proteins are a class of important regulators of
growth and development and play key roles in response to stresses in cotton.
© 2014 Crop Science Society of China and Institute of Crop Science, CAAS. Production and
hosting by Elsevier B.V. All rights reserved.Keywords:
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WRKY transcription factors1. Introduction
Transcription factors, which exist in all living organisms,
are essential for the regulation of gene expression. WRKY, expressed sequence tag
hain reaction; PTI, PAMP-
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identified in plants [1–3]. In WRKY family proteins, a 60 amino
acid region is highly conserved among family members. It
includes the conserved WRKYGQK sequence followed by one; ETI, effector-triggered immunity; MTI, MAMP-triggered immunity;
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types [4]. All known WRKY proteins can be divided into three
groups (group I, II, and III) based on the number of WRKY
domains and the types of zinc finger motif. Two WRKY
domains can be found in group I proteins, whereas a single
domain is present in group II and group III proteins. Generally,
group I and group II proteins share the same C2H2-type zinc
finger motif (C–X4–5–C–X22–23–H–X1–H). In group III, WRKY
domains contain a C2–HC-type motif (C–X7–C–X23–H–X1–C) [4].
Group II is further classified into several subgroups based on
their phylogenetic clades [4–6].
In plants, WRKY proteins form a large family of transcrip-
tion factors and are known to function in response to various
physiological processes. WRKY transcription factors are
important components of many aspects in the plant defense
system, including MAMP-triggered immunity (MTI) or PAMP-
triggered immunity (PTI), effector-triggered immunity (ETI),
and systemic acquired resistance [7–14]. These transcription
factors also play important regulatory roles in plant abiotic
stress. For example, Arabidopsis plants that overexpress
GmWRKY21 are more cold-stress tolerant than wild-type
plants, and plants overexpressing GmWRKY54 exhibit in-
creased salt and drought tolerance, whereas plants overex-
pressing GmWRKY13 exhibit increased sensitivity to salt and
mannitol stress [15]. In barley (Hordeum vulgare), HvWRKY38 is
involved in cold and drought responses [16]. The expression of
AtWRKY25 and AtWRKY26 is induced upon treatment with
high temperatures, whereas AtWRKY33 expression is re-
pressed in response to the same treatment [17]. In addition
to functioning in biotic and abiotic stresses, WRKY transcrip-
tion factors regulate developmental processes, such as
trichome and seed coat development in Arabidopsis [18],
sesquiterpene biosynthesis in cotton (Gossypium hirsutum)
[19], seed development in barley, Solanum chacoense, and
Arabidopsis [20–22], and senescence in Arabidopsis [23–25].
Since the release of a large number of publicly available
sequences and even complete whole-genome sequences in
some plants, genome-wide analyses of theWRKY gene family
have been performed. There are at least 72 WRKY family
members in Arabidopsis [4], more than 100 in rice (Oryza sativa)
[5], 57 in Cucumis sativus [26], 104 in Populus trichocarpa [27], and
81 in Solanum lycopersicum [28]. Genome duplication events
have been detected in this family [27], and the divergence of
the monocots and dicots was verified based on the analysis of
WRKY transcription factors [5,6].
The genus Gossypium has great economic and scientific
importance. Cotton produces the most important natural
textile fiber in the world and is also an important oilseed crop.
Cotton fiber is an outstanding model for studying plant cell
elongation and cell wall biosynthesis [29]. Tetraploid cotton is
also an excellent model system for studying polyploidization
and genome duplication. Despite the importance of WRKY
genes in plant growth and developmental processes, to our
knowledge only eight WRKY genes have previously been
reported from different cotton species [13,19,30,31]. Genome-
wide analysis of the WRKY transcription factor family in
Gossypium will lay the foundation for elucidating their
structure, evolution, and functional roles.
Currently 435,344 cotton EST sequences are available in the
GenBank EST database (http://www.ncbi.nlm.nih.gov/dbEST/).Among them, 297,214 ESTs were identified in G. hirsutum,
63,577 in Gossypium raimondii, 41,781 in Gossypium arboreum,
32,525 in Gossypium barbadense, and 247 in Gossypium
herbaceum. A pilot study for the whole-genome scaffold
sequence of the diploid cotton G. raimondii, which is the
putative contributor of D-subgenome to fiber-producing cot-
ton species including G. hirsutum and G. barbadense, has been
released by two research groups [32,33]. As an application, G.
raimondii genome sequences have been of great advantage for
assembling the tetraploid transcriptome and mining candi-
date genes of interest [34]. Information from the publicly
available Gossypium database will serve as a foundation for
identifying gene families such as WRKY genes.
The objective of the current study was to survey theWRKY
genes and their phylogenetic relationship in Gossypiumwith a
bioinformatic approach using information derived from the
publicly available database from the two drafts of the D5
genome (G. raimondii) and ESTs from NCBI (http://www.ncbi.
nlm.nih.gov/dbEST/), combined with sequence data confir-
mation via cloning of cDNAs containing complete open
reading frames (ORFs) from upland cotton. We further
evaluated the expression patterns of WRKY genes in various
developmental stages and under various stress conditions in
tetraploid cultivated cotton species.2. Materials and methods
2.1. Prediction of WRKY gene family
Genes and proteins annotated in G. raimondiiwere downloaded
from http://www.phytozome.net/ and http://cgp.genomics.org.
cn/. WRKY transcription factors were identified using HMMER
software version 3.0 [35] and the PFAM protein family database
using the WRKY domain (PF03106) as a query [36]. Expressed
sequence tag (EST) sequences for four cotton species, G.
hirsutum (Gh), G. barbadense (Gb), G. arboreum (Ga), and G.
raimondii (Gr), were downloaded from the GenBank EST data-
base (http://www.ncbi.nlm.nih.gov/dbEST/). WRKY protein se-
quences in Arabidopsis were obtained from The Arabidopsis
Information Resource (TAIR: http://www.arabidopsis.org/).
2.2. Mapping and analysis of WRKY genes
Mapping of WRKY genes was performed using MapInspect
(http://www.plantbreeding.wur.nl/UK/ software_mapinspect.
html). Exons and introns were predicted by comparing the
coding sequences with their genomic sequences using the
online GSDS program [37]. Conserved motif prediction was
performed using the MEME program [38]. The following
parameters were used for analysis: maximum number of
motifs, 10; minimum motif width, six; and maximum motif
width, 70.
2.3. Sequence alignment and phylogenetic construction
Alignment of the amino acid sequences of the WRKY domain
with approximately 60 amino acids was performed with
ClustalX 1.83 [39]. The parameters used in the alignment
were as follows: for pairwise parameters, gap opening: 10.00,
89T H E C R O P J O U R N A L 2 ( 2 0 1 4 ) 8 7 – 1 0 1gap extension: 0.10, protein weight matrix: Gonnet 250; for
multiple parameters, gap opening: 10.00, gap extension: 0.20,
delay divergent sequence (%): 30, DNA transition weight: 0.50,
use negativematrix: OFF, protein weight matrix: Gonnet series;
for protein gap parameters, residue-specific penalties: ON,
hydrophilic penalties: ON, hydrophilic residues: GPSNDQEKR,
gap separation distance: 0, end gap separation: ON. Amaximum
likelihood tree was used to construct the phylogenetic tree
based on the bootstrap method (number of bootstrap replica-
tions: 1000) and the Poisson model using MEGA 5.0 software
[40].
2.4. Plant materials and treatments
G. hirsutum accession TM-1, a genetic standard line of upland
cotton, was used for tissue/organ expression analysis. The
plants were grown in the field under normal conditions. Petals
and anthers were sampled on the day of flowering, and ovules
and fibers were excised from developing flower buds or bolls
on selected days post anthesis (DPA). Roots, stems, and leaves
were collected from two-week-old seedlings. All tissues
collected were quick-frozen in liquid nitrogen and stored at
−70 °C before use.
G. hirsutum cultivar Jinmian 19, which exhibits high
tolerance to abiotic stress, was used for the abiotic stress
treatments. Salt and drought stress treatments were applied
by immersing the seedlings in 200 mmol L−1 NaCl and 20%
PEG-6000, respectively. The leaves were harvested at appro-
priate times, quick-frozen in liquid nitrogen, and stored at −
70 °C before use.
Gossypium barbadense cultivar Hai 7124, which exhibits
Verticillium resistance, was used for fungal pathogen
(V. dahliae) inoculation. The roots of Hai 7124 seedlings were
dipped in V. dahliae strain VD8 conidial suspensions contain-
ing 107 spores mL−1. The roots were harvested at the
appropriate time, quick-frozen in liquid nitrogen, and stored
at −70 °C before use.
2.5. RNA isolation and real-time PCR analysis
Total RNA was isolated according to the method of Jiang and
Zhang [41]. To remove genomic DNA, the RNA samples were
treated with DNase I. First-strand cDNA was synthesized
based on reverse transcription of 2 μg RNA digested by DNase
I using the reverse transcription polymerase reaction system
(Promega, USA). For real-time PCR, gene-specific primers were
designed based on theWRKY gene sequences using Primer 5.0
(http://www.premierbiosoft.com/). The amplified fragment
length ranged from 75 bp to 200 bp, and the annealing
temperature ranged from 58 °C to 60 °C. The cotton histone3
(AF024716) gene (forward primer and reverse primer se-
quences 5′-GAAGCCTCATCGATACCGTC-3′ and 5′-CTACC
ACTACCATCATGG-3′, respectively) was used as the reference
gene [19].
The amplification reactions of the real-time PCR were
performed using an ABI 7500 real-time PCR system. The
amplification parameters were as follows: denaturation at
95 °C for 10 min, 40 cycles of denaturation at 95 °C for 15 s,
annealing at 58–60 °C for 15 s, and extension at 72 °C for
15 s. For the melting curve stage, the default settings werechosen. Three biological replicates, each with three techni-
cal replicates, were tested. The expression levels of the
WRKY genes were calculated according to Livak and
Schmittgen [42].
2.6. Cloning and sequencing of WRKY cDNAs in upland cotton
Based on bioinformatic analysis, gene-specific PCR primer
pairs were individually designed for PCR-amplification of
the WRKY genes based on the complete ORF cDNA sequences
(Table S1), and the transcripts from various tissues of G.
hirsutum acc. TM-1 were used for amplification.
Standard PCR analysis was performed using High-Fidelity
ExTaq DNA Polymerase [TaKaRa Biotechnology (Dalian) Co.,
Ltd., China]. The PCR products were cloned into the pMD18-T
vector (TaKaRa) according to the manufacturer's instructions
and sequenced from plasmid DNA templates. At least six
randomly selected clones for each gene were subjected to
sequencing. The cDNA sequences of the WRKY genes were
determined using alignment analysis with their correspond-
ing sequences obtained from bioinformatic analysis.3. Results
3.1. Genome-wide exploration of WRKY genes and their
chromosome distribution
Both the whole genome sequence scaffolds of two drafts of
the D5 genome [32,33] and ESTs from four cotton species
(http://www.ncbi.nlm.nih.gov/) were used for genome-wide
exploration ofWRKY genes in genus Gossypium. Using HMMER
software version 3.0 [35] and the PFAM protein family
database with the WRKY domain (PF03106) [36], we identified
a total of 120 WRKY transcription factors based on the
sequence information from Paterson et al. [32]. Of these
transcription factors, 103 homologous WRKY genes were also
found based on the sequence information of Wang et al. [33].
However, there were differences in the lengths of the
proposed sequences of 33 WRKY genes, ranging from 3 bp to
1797 bp, as determined by performing sequences comparison
between the two D5 genome databases (Table S2). These
differences may have been due largely to assembly error in
partial chromosomal regions and require further confirma-
tion. Furthermore, 3668 ESTs, including 519 from G. raimondii,
2935 from G. hirsutum, 148 from G. barbadense, and 70 from G.
arboreum, were found to match these WRKY members with at
least one EST hit (e ≤ −10). When the WRKY genes were
compared with the sequences in the Arabidopsis database
from TAIR (http://www.arabidopsis.org/), 105 WRKY homo-
logs in Arabidopsis were also detected with BLASTn (e ≤ −10)
analysis (Table S2). Integrating the above results, we identified
a total of 120 candidate WRKY genes in G. raimondii with
corresponding expressed sequence tags found in at least one
of four cotton species, including tetraploid cultivated cotton
species G. hirsutum and G. barbadense, diploid cultivated cotton
species G. arboreum and G. raimondii.
To characterize the chromosomal distribution of these
WRKY genes, we integrated 13 scaffolds of the G. raimondii
genome (named Chr. 1 to Chr. 13) from Paterson et al. [32] with
Fig. 1 – Reordering of 13 scaffolds of G. raimondii and chromosome distribution of WRKY genes. The consensus map was constructed based on the collinearity of the newly
updated interspecific genetic map in allotetraploid cultivated cotton species reported recently [43] and the 13 chromosomes of the G. raimondii genome [32]. The chromosome
numbers from D1 to D13 refer to the map of Zhao et al.[43], and the names of the 13 scaffolds from the G. raimondii genome are shown in parentheses. The size of each
chromosome is indicated based on its relative length. The candidate WRKY genes are designated WRKY1 to WRKY120 following their orders on chromosomes.
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Fig. 2 – Phylogenetic tree of WRKY domains in Gossypium and Arabidopsis. The phylogenetic tree was constructed with MEGA
5.0 software using the maximum-likelihood method based on the 60 conserved amino acidWRKY domains. The WRKY gene
with suffix “N” or “C” indicated the NTWD or CTWD.
91T H E C R O P J O U R N A L 2 ( 2 0 1 4 ) 8 7 – 1 0 1a previously reported high-density interspecific genetic map
of allotetraploid cultivated cotton species [43]. The collinearity
between the genetic map and the cotton D5 genome revealed
homologs between 13 Dt chromosomes in tetraploid cotton
species and 13 scaffolds of G. raimondii. We reordered the 13
scaffolds of G. raimondii according to the corresponding D1 to
D13 chromosomes in tetraploid cotton species [43]. As a
result, 120 candidate WRKY genes were matched to 13
scaffolds of the D5 genome and were designated WRKY1 to
WRKY120 based on the order of the homologs on chromo-
somes D1 to D13. The distribution of WRKY family members
on the 13 chromosomes was uneven, with the fewest (four)
members located on D1 and on D2 and themost (15) members
located on D11 (Fig. 1).3.2. Classification, structure, and variation of WRKY genes
in Gossypium
Of the 120 candidate cotton WRKY genes, we detected 140
WRKY domain regions spanning approximately 60 amino
acids, with 18 WRKY candidates containing two WRKY
domains and one (WRKY108) containing threeWRKY domains
(Fig. S1). By comparison of the amino acid sequences in the
WRKY domain regions from Gossypium and Arabidopsis, 120
cotton WRKY candidate genes were classified into three
groups (groups I, II, and III), and group II genes were further
classified into five subgroups (groups IIa–e; Fig. 2), based on
the classification rules employed for the WRKY family genes
in Arabidopsis [4].
Table 1 – Classification and genome distribution of WRKY transcription factor family genes.
Chromosome Group I Group IIa Group IIb Group IIc Group IId Group IIe Group III Total
D1 (Chr. 2) 1 0 2 1 0 0 0 4
D2 (Chr. 5) 0 0 0 3 0 0 1 4
D3 (Chr. 3) 1 0 0 2 1 1 0 5
D4 (Chr. 12) 4 0 1 3 0 0 2 10
D5 (Chr. 9) 1 3 1 2 3 2 1 13
D6 (Chr. 10) 1 2 1 3 2 1 1 11
D7 (Chr. 1) 3 2 3 3 1 0 1 13
D8 (Chr. 4) 2 0 0 4 4 1 1 12
D9 (Chr. 6) 1 0 1 4 0 0 0 6
D10 (Chr. 11) 0 0 1 4 0 2 0 7
D11 (Chr. 7) 1 0 2 4 3 3 2 15
D12 (Chr. 8) 2 0 3 3 0 3 2 13
D13 (Chr. 13) 3 0 1 1 1 0 1 7
Total 20 7 16 37 15 13 12 120
The chromosome numbers from D1 to D13 refer to our newly updated interspecific genetic map in allotetraploid cultivated cotton species
reported recently [43], and the names of 13 scaffolds from the G. raimondii genome are shown in parentheses.
Fig. 3 – Expression patterns of WRKY genes from group I in various tissues by qRT-PCR. The Y-axis indicates relative
expression levels and the X-axis indicates different tissues. 1: root; 2: stem; 3: leaf; 4: petal; 5: anther; 6: 0 PDA; 7: 10 PDA; 8: 21
PDA. The error bars were calculated based on three biological replicates using standard deviation. The cotton histone3
(AF024716) gene was used as the reference gene.
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Fig. 4 – Expression patterns ofWRKY genes from group II in various tissues by qRT-PCR. A: Expression patterns ofWRKY genes from group IIa; B: Expression patterns ofWRKY
genes from group IIb; C: Expression patterns ofWRKY genes from group IIc; D: Expression patterns ofWRKY genes from group IId; E: Expression patterns ofWRKY genes from
group IIe. 1: root; 2: stem; 3: leaf; 4: petal; 5: anther; 6: 0 PDA; 7: 10 PDA; 8: 21 PDA.
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Fig. 5 – Expression patterns of WRKY genes from group III in various tissues by qRT-PCR. 1: root; 2: stem; 3: leaf; 4: petal; 5:
anther; 6: 0 PDA; 7: 10 PDA; 8: 21 PDA.
94 T H E C R O P J O U R N A L 2 ( 2 0 1 4 ) 8 7 – 1 0 1Among the three groups, there were 20 members in group
I, 88 in group II, and 12 in group III. Furthermore, in group II,
subgroups IIa–e contained 7, 16, 37, 15, and 13 members,
respectively. The types and chromosome distribution of these
members are described in Table 1. It is noteworthy that
WRKY108 in group I contained three WRKY domains
(WRKY108N1, WRKY108N2, and WRKY108C). However, the
three WRKY domains were not clustered in the N-terminal
WRKY domain (NTWD) and the C-terminal WRKY domain
(CTWD). The phylogenetic results showed that WRKY108N1,
WRKY108N2, and WRKY108C were clustered into group IIc,
group III, and group IId, respectively (Fig. 2).
According to D5 genomic sequence information, there was
at least one intron insert in the WRKY candidate genes, with
WRKY108 and WRKY109 having the most complex structures.
The intron splices in the conserved WRKY domain could be
classified into two major types, the R type and the V type.
V-type introns were observed only in groups IIa and IIb (Fig.
S2). In addition to the WRKY domain, the WRKY family
members were also predicted by MEME to contain other
conserved motifs. However, six WRKY proteins, encoded by
WRKY14, WRKY21, WRKY35, WRKY46, WRKY77, and WRKY90,
contained only a WRKY domain (Fig. S3).
WRKYGQK residues are considered to be important regions
of the WRKY transcription factor family. However, we found
some genes with diverse amino acid residues in this region.
Among the seven amino acid residues (WRKYGQK), mutations
at the W and K sites were not observed; most variations
involved Q to T, H, or K substitutions. For WRKY109 in group I,
there were large variations in this seven residue regions in
both NTWD and CTWD, with variations in three and four
amino acid residues, respectively. In total, ten members
showed divergence in the WRKY domain, of which seven
belonged to group IIc (Table S3).
In addition to the variations in amino acid residues in the
WRKYDNA binding domain, somemutations were discovered
in the zinc finger motif regions. Four members, including
WRKY35 and WRKY114 in group I and WRKY108 and
WRKY109 in group III, exhibited variations in amino acid
residues in this motif (Table S4).3.3. Cloning and expression analysis of WRKY genes from
upland cotton
By designing gene-specific primers (Table S5), we performed
PCR cloning of WRKY genes and amplified the transcripts
in given tissues of G. hirsutum acc. TM-1. Finally, we obtained
51 cDNA sequences of WRKY genes with complete ORFs
(GenBank accession numbers: KF031069–KF031119), and other
genes with partial cDNA sequences. Of the 51 WRKY genes
containing complete ORFs, six belonged to group I, 37 belonged
to group II (4 in group IIa, 7 in group IIb, 12 in group IIc, 8
in group IId, and 6 in group IIe), and eight belonged to
group III.
It is well known that the allotetraploid cotton species were
formed by an allopolyploidization event occurring approxi-
mately 1–2 million years ago, involving a D-genome species as
the pollen parent and an A-genome species as the maternal
parent [44]. We designed gene-specific (not homeolog-specific
for the A- and D-subgenomes qRT-PCR primers, Table S5) to
evaluate the expression levels of WRKY genes in tetraploid
cotton. In total, we detected the expression patterns of 47
WRKY genes in different tissues and organs of G. hirsutum acc.
TM-1 by qRT-PCR. These tissues and organs included roots,
stems, leaves, petals, anthers, ovules, and fibers at different
developmental stages, including 0, 10, and 21 DPA. Among the
47 genes examined, 12 genes belonged to group I, 29 to group II
(3 in group IIa, 6 in group IIb, 8 in group IIc, 6 in group IId, and 6
in group IIe), and 6 to group III. These results indicate that
WRKY genes from different groups show diverse expression
patterns in different tissues and organs. In group I, the
expression of the twelve surveyed WRKY genes could be
divided into two types, with nine occurring predominantly in
reproductive organs and three in vegetative organs (Fig. 3). Of
these, the transcripts of five genes, WRKY18, WRKY36,
WRKY39, WRKY50, and WRKY120, were expressed preferen-
tially in fiber tissues. WRKY22 showed higher expression
levels in roots and WRKY59 in leaves. These results suggest
that genes belonging to the same domain type have diverse
functions. In group II (with five subgroups), the three surveyed
WRKY genes in group IIa showed preferential expression in
Fig. 6 – Expression patterns ofWRKY genes under drought stress. The Y-axis indicates the relative expression levels; 0, 2, 4, 6,
8, 10, 12, and 24 (X-axis) indicate hours of PEG-6000 (20%) treatment. The error bars were calculated based on three biological
replicates using standard deviation. *significant difference at P < 0.05, **means very significant difference (P < 0.01). A–G
indicateWRKY genes from group I, group IIa, group IIb, group IIc, group IId, group IIe, and group III, respectively.
95T H E C R O P J O U R N A L 2 ( 2 0 1 4 ) 8 7 – 1 0 1vegetative organs, with the highest level in leaves (Fig. 4-A). In
group IIb, the expression of six surveyedWRKY genes showed
functional diversity, with preferential expression of WRKY54
and WRKY91 in roots, WRKY55 and WRKY58 in fibers, and
WRKY45 and WRKY80 in both vegetative and reproductive
organs (Fig. 4-B). The expression of the eight genes in group IIc
also showed functional diversity, with the predominant
expression of three genes in roots, three in reproductiveorgans, and two in both vegetative and reproductive organs
(Fig. 4-C). These results may be associated with the high
structural variation in the WRKY domain regions in group IIc.
In group IId, the six surveyed WRKY genes were expressed in
all tissues tested, with predominant expression in both
vegetative and reproductive organs (Fig. 4-D). In group IIe, all
six surveyed WRKY genes showed preferential expression in
roots, indicating the functional specificity of WRKY genes in
Fig. 7 – Expression patterns of WRKY genes under salt stress. The Y-axis indicates relative expression levels and the X-axis the hours of treatment with NaCl (200 mmol L−1).
The error bars were calculated based on three biological replicates using standard deviation. * and **: significant difference at P < 0.05 and P < 0.01, respectively. A–E: WRKY
genes from group I, group IIa, group IIb, group IIe, and group III, respectively.
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Fig. 8 – Expression patterns of WRKY genes after pathogen inoculation. The Y-axis indicates relative expression levels; 0, 24,
48, 96, and 144 h (X-axis) indicate the hours of treatment with a V. dahliae strain VD8 conidial suspension of 107 spores mL−1.
The error bars were calculated based on three biological replicates using standard deviation. * and **: significant difference
P < 0.05 and P < 0.01, respectively. A–G:WRKY genes from group I, group IIa, group IIb, group IIc, group IId, group IIe, and group
III, respectively.
97T H E C R O P J O U R N A L 2 ( 2 0 1 4 ) 8 7 – 1 0 1this subgroup (Fig. 4-E). In group III, the six surveyed WRKY
genes all showed preferential expression in vegetative organs,
with the preferential expression of three genes in stems, two
in roots, and one in leaves (Fig. 5).
We further examined the expression of genes that were
expressed predominantly in a given organ. Eight genes,
including WRKY12, WRKY30, WRKY43, WRKY54, WRKY60,
WRKY82, WRKY91, and WRKY110, were expressed predomi-
nantly in roots, whereas one gene, WRKY46, was expressed
only in stems, two genes, WRKY44 and WRKY59, were
expressed only in anthers, and WRKY58 and WRKY55 were
expressed only in fibers 10 and 21 DPA, respectively.3.4. Expression analysis of WRKY genes under different
stress conditions
To determine which WRKY genes were induced by different
stressors, we performed real-time RT-PCR under three differ-
ent stress conditions: salt and drought stress (using G.
hirsutum cv. Jinmian 19) and V. dahliae (VD) inoculation
(using G. barbadense cv. Hai 7124). Sixteen WRKY genes were
significantly induced under drought treatment, with six in
group I, seven in group II (two in group IIa, one in group IIb,
one in group IIc, one in group IId, and two in group IIe), and
three in group III (Fig. 6). WRKY120 exhibited higher levels of
Table 2 – Expression profile of WRKY genes under
different stresses in cotton.
Gene Group Salt Drought Disease
WRKY18 Group I ** ** –
WRKY22 Group I D ** **
WRKY36 Group I ** – /
WRKY39 Group I ** ** –
WRKY50 Group I D * D
WRKY59 Group I ** ** **
WRKY120 Group I ** * –
WRKY24 Group IIa ** ** **
WRKY40 Group IIa ** ** **
WRKY54 Group IIb / / –
WRKY80 Group IIb ** ** **
WRKY6 Group IIc D ** **
WRKY38 Group IIc / / D
WRKY60 Group IIc / / **
WRKY82 Group IIc / / **
WRKY37 Group IId / / **
WRKY41 Group IId D ** **
WRKY12 Group IIe / / D
WRKY30 Group IIe / / –
WRKY43 Group IIe / / D
WRKY81 Group IIe D ** –
WRKY93 Group IIe ** ** **
WRKY110 Group IIe / / D
WRKY35 Group III ** ** D
WRKY46 Group III ** ** –
WRKY64 Group III ** ** **
WRKY87 Group III / / **
WRKY90 Group III / / **
For the salt (200 mmol L−1 NaCl) and drought (20% PEG-6000)
treatments, the leaves of seedlings were harvested at 0, 2, 4, 6, 8,
10, 12, and 24 h after treatment. For inoculation with the fungal
pathogen V. dahliae, the roots of seedlings were sampled at 0, 24,
48, 96, and 144 h after inoculation.
*: Expression upregulated significantly at P < 0.05; **: significant
difference at P < 0.01; –: WRKY genes were not induced; D: significant
reduction of WRKY genes expression after treatment; /: data absent.
Student's t-test was performed to compare treated and untreated
samples (0 h treatment under different stresses).
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scripts of other 15 WRKY genes were significantly increased
under drought stress, with a peak at 8 h or 10 h of treatment.
Under salt treatment, 12 WRKY genes were significantly
induced, including five in group I, four in group II (two in
group IIa, one in group IIb, and one in group IIe), and three in
group III (Fig. 7). The transcripts of five genes in group I and
WRKY93 in group IIe were significantly increased under salt
treatment, with a peak at 8 or 10 h of treatment. However, the
transcripts of other six genes, including three in group II and
three in group III, accumulated more quickly and to a higher
level at 2 h or 4 h of treatment.
After VD inoculation, fourteen genes were significantly
induced, including two in group I, nine in group II (two in
group IIa, one in group IIb, three in group IIc, two in group IId,
and one in group IIe), and three in group III (Fig. 8). There was
a rapid and transient induction of the WRKY39 and WRKY93
transcripts, with a peak at 24 h post-inoculation. The tran-
scripts of WRKY41 were significantly upregulated at 24, 48,and 144 h post-inoculation, with the highest peak at 48 h of
treatment. The transcripts of the other 11 WRKY genes
increased significantly in response to inoculation, with a
peak at 144 h post-inoculation.
Integrating the expression results of WRKY genes in
response to three different stress conditions (Table 2), the
expression of elevenWRKY genes was simultaneously induced
by both salt and drought. Among them, WRKY46 transcripts
showed the highest induced expression after stress treatment.
Compared to the untreated control, WRKY46 transcripts accu-
mulated more quickly 4 h to 10 h after drought treatment, with
the highest expression (40-fold) at 8 h after treatment.WRKY46
transcripts also accumulated quickly, at 2 h to 12 h after salt
treatment, with the highest expression (70-fold) at 4 h, in
comparison with the untreated control. This result suggests
that WRKY46 plays important roles in the regulation of cotton
abiotic stresses such as drought and salt stress. Furthermore,
the expression of sixWRKY genes, includingWRKY59 in group I,
WRKY24 and WRKY40 in group IIa, WRKY80 in group IIb,
WRKY93 in group IIe, and WRKY64 in group III, was simulta-
neously induced by the three stressors (drought, salt, and V.
dahliae inoculation), suggesting that theseWRKY genes function
in the regulation of plant stress responses.4. Discussion
4.1.WRKY gene family evolution and expansion in Gossypium
Cotton, in the genus Gossypium, is the world's most important
fiber crop plant. WRKY proteins are members of a transcrip-
tion factor family in higher plants that play diverse roles in
plant responses to various physiological processes. In this
study, based on sequence comparison and phylogenetic and
structural analysis, we classified WRKY transcription factors
in Gossypium into three groups (groups I, II, III), and group II
genes were further classified into five subgroups (group IIa–e).
Phylogenetic analysis showed that genes in group IIa and
group IIb are closely related and that group IId genes are
clustered with group IIe. These results support the classifica-
tions of the three subgroups, group IIa + group IIb, group IIc,
and group IId + group IIe in group II [6,45]. Genes in group IIc
shared more variations (80%) than genes in other WRKY
groups, suggesting that WRKY genes in group IIc are more
active and variable than genes in other group II subgroups.
Amplification of the WRKY gene family is also related to
species evolution. Zhang et al. [6] reported that numerous
duplications and diversifications of WRKY genes, particularly
group III genes, have occurred since the divergence ofmonocots
and dicots. In comparison to the 12 members of group III in G.
raimondii, there are 14 and 36 group III genes in Arabidopsis and
rice, respectively. These are important differences in the
number of WRKY genes in dicots versus monocots.
Genome-wide analysis of the WRKY gene family showed
that genome duplication contributed to the accumulation of
WRKYmembers. The previous studies reported that therewere
72 WRKY family members in Arabidopsis [4], 104 members in P.
trichocarpa [27], and 57 members in Vitis vinifera (http://www.
phytozome.net/). In this study, we identified 120 members of
the WRKY gene family in G. raimondii. The genome size of
99T H E C R O P J O U R N A L 2 ( 2 0 1 4 ) 8 7 – 1 0 1Arabidopsis is 125 Mb [46], whereas the genome sizes of P.
trichocarpa, V. vinifera, and G. raimondii are 480.0, 487.0, and
737.8 Mb, respectively [32,46–48]. WRKY gene family expansion
may arise from whole-genome duplication events, rather than
from genome size, given that the grapevine genome has not
undergone recent genome duplication [48]. The Populus genome
has undergone salicoid duplication (p event) [47,49], duplication
events (β, α) have occurred in Arabidopsis and Gossypium, and
Gossypium has undergone one more duplication event than
Arabidopsis [49–51].
4.2. WRKY gene family is a superfamily with
functional diversity
The WRKY family, one of the most important transcription
factor families, regulates plant responses to various physio-
logical processes, especially biotic and abiotic stresses [45,52].
Under salt stress, 26WRKY genes were induced in Arabidopsis,
based on comprehensive microarray analysis of the root
transcriptome [53]. Of the 64 GmWRKY genes in soybean
(Glycine max Merr.), 25 WRKY genes show differential expres-
sion in response to at least one abiotic treatment [15]. In rice,
at least 54 WRKY genes respond to abiotic stress [54]. In
addition, the transcripts of 49 WRKY genes in Arabidopsis are
expressed in response to bacterial infection and salicylic acid
(SA) treatment [55]. In cotton, eight WRKY genes from
different cotton species have previously been reported.
GaWRKY1 participates in the regulation of sesquiterpene
biosynthesis in cotton, and GhWRKY3 may function in plant
defense responses [19,56]. In the present study, we further
identified 12WRKY genes induced by salt stress, 16 induced by
drought stress, and 14 induced in response to V. dahliae VD8
infection. As shown in Table 2, 11 WRKY genes were
simultaneously induced by both drought and salt treatment,
and sixWRKY genes were simultaneously induced by drought,
salt, and pathogen treatments. These results indicate that
WRKY genes are important regulators in cotton stress
responses. Notably, GhWRKY59 and GhWRKY80 exhibited
sustained responses to V. dahliae inoculation from 48 h to
144 h. They are two of the six WRKY genes simultaneously
induced by the three stressors (drought, salt, and V. dahliae
inoculation). This finding indicates that GhWRKY59 and
GhWRKY80 have multi-functional roles in stress tolerance,
and may potentially be applied in breeding for new cotton
cultivars with increased stress resistance.
Homologous genes from different plant species may play
diverse roles. In Arabidopsis,WRKY genes (AtWRKY2, AtWRKY17,
and AtWRKY33) are induced under NaCl treatment [53,57,58],
whereas AtWRKY63 may function in drought tolerance [59] and
AtWRKY4 and AtWRKY60 function in plant responses to patho-
gens [7,60]. Genes homologous to all of these Arabidopsis WRKY
genes except AtWRKY63 were identified in cotton. According to
qRT-PCR analysis,WRKY22 andWRKY41, which are homologous
to AtWRKY33 and AtWRKY17, respectively, were downregulated
in response to NaCl treatment but significantly upregulated
under drought treatment and post-inoculation. These results
suggest that these homologous genes have different functions in
different plant species.
Supplementary data to this article can be found online at
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